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Introduction
Methacrylic acid (MAA), which is an important basic chemical, is prepared by gas-phase catalytic oxidation of methacrolein (MAL) (eq. 1).
Heteropolyacids with a Keggin structure composed of P, Mo, and V have been utilized as industrial catalysts [1, 2] . However, the catalytic performance, including activity and selectivity, must be improved.
Solid heteropolyacids, that is, unsupported heteropolyacids, often show low catalytic activities because of their low surface area. Supporting the heteropolyacids on oxide supports with high surface areas, especially SiO 2 , increases the amount of the heteropolyacids exposed on the surface, leading to an enhancement in the catalytic activity [3] . In fact, several acid catalyzed reactions [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , as well as oxidation reactions [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] over supported heteropolyacid catalysts, have been reported so far. However, there are only a few reports on supported heteropolyacid catalysts being used for the gas-phase oxidation of MAL [26, 27] . We have previously reported the gas-phase oxidation of MAL over SiO 2 All of the catalysts were calcined in air at 523 K for 4 h before use.
Characterization of catalysts
Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (Rigaku Mini Flex) with Cu Kα radiation (λ = 0.154 nm). Raman spectroscopy was performed using a laser Raman spectrometer (JASCO, RMP 200) with a 100-mW laser with a wavelength of 532 nm and a CCD detector.
31
P MAS-NMR spectra were recorded using a JEOL ECA-400 7 spectrometer with a spinning frequency of 7 kHz. All the measurements were carried out at room temperature. The chemical shifts are expressed relative to external 85% H 3 PO 4 .
Catalytic reaction
Catalytic oxidation of MAL was performed in a continuous flow reactor at 573 K and atmospheric pressure. Before the reaction, the catalyst was pretreated under a flow of a gas (balance) was fed into the reactor to start the catalytic reaction. The amount of the catalyst and total flow rate were adjusted to control the conversion. The reaction products were analyzed by using on-line gas chromatographs (GCs) connected at the outlet of the reactor.
For acetic acid (AcOH), MAL, and MAA, a GC (Shimadzu GC-14B) equipped with a flame ionization detector and a capillary column (TC-FFAP, 0.25 mm × 50 m) was utilized. For CO and CO 2 , a GC (Shimadzu GC-8A) equipped with a thermal conductivity detector (TCD) and two packed columns (Molecular Sieve 5A, 2.85 mm × 3 m and Activated Carbon, 2.85 mm × 2 m) was used. In order to prevent interference from organic compounds, prior to the GC-TCD analysis, the gas was passed through a dry-ice trap to remove them. As an internal standard for GC analysis, CH 4 (31%) diluted with He was mixed at the outlet of the reactor. 
Results and discussion
The catalytic data for the unsupported and supported catalysts for the gas-phase oxidation of MAL are summarized in Table 1 . The activity and selectivity toward the formation of MAA of the unsupported HPA catalysts were 13 μmol g In the case of the supported catalysts (entries 3-6), the activities were more than 5 times higher than those for the unsupported HPA catalyst. However, the selectivity varied (Fig. A2(d) ), and 31 P MAS-NMR spectrum (Fig. A3(d) ).
After gas-phase oxidation of MAL, the structures of the supported catalysts were different. For HPA/SiO 2 , the XRD lines due to H 4 PMo 11 VO 40 ·14H 2 O microcrystallites were significantly less intense (Fig. 3b) , and the Raman spectrum indicated the formation of molybdenum oxides (Fig. 4b) 
Appendix A. Supplementary data
Supplementary data to this article can be found online at doi:xxxxxxxxxxxxxxxxxxx. 
